Rats are predators of mice in nature. Nevertheless, it is a common practice to house mice and rats in a same room in some laboratories. In this study, we investigated the behavioral and physiological responsively of mice in long-term co-species housing conditions. Twenty-four male mice were randomly assigned to their original raising room (control) or a rat room (co-species-housed) for more than 6 weeks. In the open-field and light-dark box tests, the behaviors of the co-species-housed mice and controls were not different. In a 2-choice test of paired urine odors [rabbit urine (as a novel odor) vs. rat urine, cat urine (as a natural predator-scent) vs. rabbit urine, and cat urine vs. rat urine], the co-species-housed mice were more ready to investigate the rat urine odor compared with the controls and may have adapted to it. In an encounter test, the rat-room-exposed mice exhibited increased aggression levels, and their urines were more attractive to females. Correspondingly, the levels of major urinary proteins were increased in the co-species-housed mouse urine, along with some volatile pheromones. The serum testosterone levels were also enhanced in the co-specieshoused mice, whereas the corticosterone levels were not different. The norepinephrine, dopamine, and 5-HT levels in the right hippocampus and striatum were not different between the 2. Our findings indicate that chronic co-species housing results in adaptation in male mice; furthermore, it appears that long-term rat-odor stimuli enhance the competitiveness of mice, which suggests that appropriate predator-odor stimuli may be important to the fitness of prey animals.
Introduction
Mice and rats comprise important model animals in current scientific research. In nature, as well as in the laboratory, rats are often regarded as predators of mice because of their occasional displays of mouse-killing behavior (Molina et al. 1987; Yang et al. 2004; Campos et al. 2013 ). Exposure to rats or rat scents has been reported to exert negative effects on the behavior and physiology of mice.
For example, when acutely or chronically exposed to rats or rat odors, mice exhibit clear innate defensive behaviors such as flight, freezing, and increased risk assessment; suppressed non-defensive behaviors, including eating, grooming, and exploration (CalvoTorrent et al. 1999; Dalm et al. 2009; Ferrero et al. 2011) ; elevated levels of fear-or stress-related hormones, including catecholamines (dopamine, adrenalin, and noradrenalin), corticosterone, and adrenocorticotrophic hormone (ACTH) (Buchanan 2000; Apfelbach et al. 2005; Amaral et al. 2010) ; and altered organ physiology, such as enlarged adrenal glands and a reduced thymus (Arndt et al. 2010) .
However, despite the previously described adverse impacts of rats on mice, it is common practice to house rats and mice in the same room in laboratories and breeding centers (Arndt et al. 2010) , which is forbidden by the new edition of Guide for the Care and Use of Laboratory Animals (2011, National Academies Press, Washington, DC). A limited number of studies have investigated how the long-term housing of rats and mice together in the same room affects the animals. For example, Arndt et al. (2010) demonstrated that 3-week co-species-housed mice and rats exhibit abnormal activities in forced swim tests, and co-species-housed mice exhibit enlarged adrenal glands. Calvo-Torrent et al. (1999) demonstrated that mice housed next to rats for 3 weeks exhibited a decreased level of sucrose intake (which may be interpreted as anhedonia) and spent less times in the open arms during elevated plus-maze tests. However, not all results are negative. In an analysis of reproductive and growth data in large animal breeding facilities, Pritchett-Corning et al. (2009) determined that housing rats and mice in a same room does not affect the growth or reproduction of either species. A recent study from our group indicated that a 56-day rat-scent exposure had no effect on the urinary attractiveness of male mice (Huo et al. 2014) .
It may be speculated that mice may become adapted to the presence of co-existing rats in some respects. However, to our knowledge, no studies have investigated whether co-species-housed mice interpret the odors of co-existing rats as a threat. Here, we address this issue and investigate whether the reactions of co-species-housed mice to rat urine are the same as the reactions to cat urine-the other well-used predator odor.
Predator odor affects prey more profoundly than previously believed, and the impacts are not always negative. A previous study from our group demonstrated that chronically cat-odor-exposed mice become more aggressive, and their urine is more attractive to female mice (Zhang et al. 2007a ). Both aggression levels and the attractiveness of urine are representatives of social status in rodents. Dominant mice often demonstrate increased aggression levels, are more attractive to females and have lower anxiety levels than subordinate mice (Bartolomucci et al. 2001) . Therefore, it would be interesting to determine whether the competitiveness of male mice is affected by co-species housing conditions. Pheromones are chemicals released by animals that influence the behavior or physiology of other individuals of the same species (Wyatt 2009 ). It has been confirmed that pheromones convey substantial amount of information about an individual, including, sex, age, hormonal status, social status, health conditions, and genetic background (Brennan and Zufall 2006; Zhang et al. 2007b; Zhang et al. 2008; Phelan et al. 2014; Sheehan et al. 2016 ). According to their physical and chemical characteristics, pheromones may be divided into small volatile pheromones and large nonvolatile pheromones [e.g., major urinary proteins (MUPs)] (Liberles 2014). MUPs not only act as pheromones (e.g., MUP20, darcin) but also bind and carry small organic volatile pheromones to protect them after release and enable them to act for a longer period. Several sex-related behaviors in rodents (e.g., sexual attraction, male-male aggression, or individuality recognition) may involve the recognition of both volatile and non-volatile chemicals [reviewed by Fortes-Marco et al. (2013) ]. Thus, if co-species housing conditions affect the social status of mice, it is reasonable to expect that their pheromone production profiles would be changed accordingly.
In male mice, pheromone production is affected by the hormonal status of the subjects. Several volatile pheromones [e.g., 2-sec-butyl-4,5-dihydrothiazole (SBT), and (Z)-5-tetradecen-1-ol, R,R-2,3-dehydro-exo-brevicomin (DHB)] and MUPs are excreted under the control of testosterone (Koyama et al. 2013; Yoshikawa et al. 2013; Mucignat-Caretta et al. 2014) . MUPs are also affected by the glucocorticoid system (Giller et al. 2013) . In turn, hormone levels may also directly induce a range of physiological and behavioral responses (e.g., changes in stress and aggression levels, sexual-related behavior, and scent marking). Thus, it is important to examine the differences in the hormone levels of the mice exposed to the 2 treatments.
Neurotransmitters such as norepinephrine (NE), dopamine (DA), and serotonin (5-HT), alone or coupled with hormones, also play important roles in activity, stress, aggression, cognition, memory, and emotion in rodents (Huo et al. 2014; Hurtubise and Howland 2016) . Recently, our lab has demonstrated that central 5-HT participated in the modulation of pheromone production in mice (unpublished results). Therefore, we also compared the contents of NE, DA, and its metabolite (l-3,4-dihydroxyphenyl-acetic acetic acid, DOPAC), and 5-HT and its metabolite (5-hydroxyindole acetic acid, 5-HIAA) in the hippocampus and striatum between the 2 groups of mice.
In this study, we designed a series of experiments to examine whether more than 6 weeks of co-species housing of mice and rats would result in accommodation in male mice and whether it would affect the activity, sexual attractiveness, and aggression level of the co-housed male mice. In particular, we analyzed the pheromone, hormone, and neurotransmitter profile changes in co-housed and control mice. At the end of the experiment, we sacrificed the mice and compared several relative organ weight changes between the 2 groups. The goal of this study was to comprehensively investigate the behavioral and physiological responses of male mice to co-species housing conditions.
Material and methods

Animals and grouping
Twenty-four experimentally naive male ICR mice (9 weeks old) and 12 adult male Sprague-Dawley rats (12 weeks old) were purchased from Weitong-Lihua Experimental Animal Company, Beijing, China (mice and rats were housed separately). The mice were randomly assigned to 2 different groups. One group (n = 12) was taken to the rat room (room size: 10 m 2 , housed 12 male rats) and were housed there for 6 weeks; the other group (control, n = 12) was housed in a separate mouse room (room size: 10 m 2 ). Both the mice and rats were individually housed in plastic cages (25 × 15 × 13.5 cm for mice; 37 × 26 × 17 cm for rats). An additional 12 female ICR mice, which were used as male odor recipients, were purchased at 16 weeks of age and were separately housed from the males in groups of 4 per cage. The animals were maintained under a reversed 14:10 light/dark hour photoperiod (lights on at 19:00) and a room temperature of 25 ± 2°C. Food (standard mouse/rat chow) and water were provided ad libitum. All bedding was changed weekly. During the last 3 weeks, the subjects were handled once per day to minimize the potential influences of experimenter presence and handling on the experimental results. All animal-care and handlings followed the sequence of female mice, controls, co-species housed mice and rats, which aimed to minimize the odor interplay during the process.
Ethics statement
The animal handling procedures complied with the Institutional Guidelines for Animal Use and Care at the Institute of Zoology, Chinese Academy of Sciences. Ethical approval was obtained from the Institutional Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences. During the study, adequate measures were taken to minimize the suffering of the animals.
Behavioral tests
All tests were initiated between 09:00 and 14:00 h (i.e., during the dark phase), when mice are the most active, and were conducted in an adjacent behavioral laboratory. The behavioral tests were conducted in the following sequence: the open-field test, light-dark box test, 2-choice test, and encounter test. Tests for the response of females to male urine were conducted using urine collected 3 days after all behavioral tests on the males were completed. The relevant time points for the study protocol are presented in Figure 1 . Mice were randomly selected from each group and counterbalanced between the groups during the tests. After each test, all subjects were returned to their original housing room.
Open-field test
Open-field tests were initiated in the 7th week of each treatment, as previously described (Liu et al. 2010; Colla et al. 2015) . The open-field box (75 × 45 × 35 cm) was made of Plexiglas, and its floor was divided into 15 equal-sized grid squares, each 15 × 15 cm. In the test, we placed the mouse in a corner facing the wall and allowed it to freely explore for 10 min. The behaviors of the mice were videotaped for further analysis. We scored the horizontal exploration (entries into the central and peripheral regions of the open-field arena, calculated as the sum of floor grid entries), vertical exploration (rearing and climbing on the walls), duration and frequency of grooming (including mouthing of limbs, paws, face, body, and genitals), time spent in the 2 center grids, and latency to initially leave the corner grids. Between the trials, the equipment was thoroughly cleaned with 10% ethanol.
Light-dark box test
The light-dark plastic box consisted of 2 equal-sized chambers (35 × 25 × 17 cm), including one opaque chamber and one transparent chamber, connected by a tunnel (I.D., 5.5 cm; length, 5 cm) (Liu et al. 2010; Colla et al. 2015) . A 40-W tungsten lamp was positioned 50 cm above the floor of the light chamber. The subject was initially placed in the light chamber facing away from the dark chamber and allowed to freely explore for 5 min. The latency to first leaving the light chamber, the time spent in the light chamber, and the frequency of crossing were recorded. The test box was thoroughly cleaned with 10% ethanol between the trails.
Two-choice test
After the light-dark box test, we tested the responses of the male mice to the paired urine odors [rabbit urine (as a novel odor stimulus) vs. rat urine, cat urine (as a natural predator-scent stimulus) vs. rabbit urine, and cat urine vs. rat urine] as previously reported, with minor adjustments (Liu et al. 2014; Liu et al. 2016) . Briefly, the subjects were randomly moved from their home cages to a separate room under dim red light. For the test, 5 μL of each of the paired urine samples was injected into the opening of disposable glass capillaries (I.D., 1.1-1.2 mm; O.D., 1.3-1.4 mm; length, 15 cm), approximately 1 cm away from the end. The sample-containing ends were simultaneously presented to the test mice from the 2 opposite sides of the test box. The sequence of the presentation was as follows: rabbit urine versus rat urine first, followed by rabbit urine versus cat urine, and cat urine versus rat urine at the end. The total durations for which the subject sniffed/contacted the ends of each capillary tube within 1 cm of the tips were measured for 3 min. The stretch-attend behaviors (a typical risk-assessment behavior in mice, Yang et al. 2004) were also recorded. Before the paired odors were changed, the test room was fully ventilated for at least 5 min.
The sexual attractiveness of the urine from male mice was examined in a manner nearly the same as that previously described, with the exception that the subjects were females in estrous and the paired urine samples were obtained from the 2 groups of male mice. Each female was exposed only once each day, and the data from subjects that exhibited investigation times less than 1 s were excluded from the analysis. The estrous states of the female mice were determined at least 2 h prior to testing according to the method of Byers et al. (2012) .
Encounter test
The encounter tests were conducted after the 2-choice test, as previously described (Huo et al. 2014) . Two weight-matched male mice from each group (less than 3 g difference in weight) were simultaneously placed together in a clear mouse cage (dimensions 25 × 15 × 13.5 cm). The patterns of aggressive behavior included biting, chasing, rudely licking, and pushing the partner's head and back, tail rattling, and sideways posturing, whereas the defensive behaviors included freezing, fleeting, and crouched and upright postures. The behaviors were continuously recorded for 5 min, beginning with the first appearance of aggressive behavior. The behavior durations were noted on a data sheet using a pre-calibrated time scale in units of 10 s (i.e., a behavioral pattern that lasted 10 s or less was treated as one incident). If the duration was greater than 10 s but less than 20 s, the behavior was considered as a second incident, and so on.
Urine collection
Urine samples were collected 2 days after the encounter test (day 49). Urine samples from all male mice were collected as previously described (Huo et al. 2014) . Briefly, each donor mouse was placed in a clean mouse cage (25 × 15 × 13.5 cm) with a wire grid floor 1 cm above the bottom. After the mice urinated, the urine was immediately collected using a disposable glass capillary tube (I.D., 1.8 mm; length, 15 cm) and transferred to a vial maintained on ice. Urine samples from each mouse were collected once per day and were individually sealed and stored at −20 °C for further use.
Rat urine samples were collected using the same procedure previously described in clean rat cages (37 × 26 × 17 cm). The rabbit urine samples (used as a novel non-predator odor) were collected from 2 male rabbits (12 weeks old, New Zealand white strain, raised on Rabbit Chow 5326 Laboratory Diet) in a clean rabbit cage (60 × 40 × 42.5 cm). The cat urine samples were collected from 2 free-living male cats (approximately 3 years old) by their owner in metabolism cages. The collected rat, rabbit and cat urine samples were individually pooled for further use.
Sample extraction and chemical analysis
Sample extraction prior to chemical analysis was conducted as previously described (Liu et al. 2016) . Urine samples were thawed and mixed with dichloromethane (1: 1, v/v). The mixture was then thoroughly shaken and stored at 4 °C for 24 h. The lower (dichloromethane) portion of the separated mixture, which contained extracted hydrophobic compounds was transferred to a new vial and stored at −20 °C until chemical analysis.
The preparation methods for the preputial gland secretions (PGSs) are described in the following "Organ collection and weighing" section. The thawed PGS samples were weighed (to an accuracy of 0.1 mg). Dichloromethane was subsequently added to each vial (10 μL dichloromethane/mg PGS) for a 24-h extraction. After the extraction, the tissue was removed, and the remaining mixture was stored at −20 °C until chemical analysis.
Gas chromatography/mass spectrometry (GC-MS) was used to analyze the urine and PGS samples. An Agilent Technologies Network 6890N GC system combined with a 5973 Mass Selective Detector with the NIST 2002 library was used as previously described (Zhang et al. 2007b; . The GC was equipped with an HP5MS capillary column (30 m × 0.25 mm I.D. × 0.25 μm film thickness). The carrier gas was helium, which was used at a flow rate of 1.0 mL/min. The injector temperature was 230 °C. The oven temperature program was as follows: from 100 °C to 230 °C at 5 °C/min (26 min), then to 280 °C at 10 °C/min (5 min), and held for 15 min (for PGS); and from 50 °C to 150 °C at 5 °C/min (20 min), then to 230 °C at 10 °C/min (8 min), and held for 2 min (for urine). Post-run heating lasted for 15 min at 280 °C to clean the column. The electron impact ionization was 70 eV, and the transfer line temperature was maintained at 280 °C. The mass range was scanned from 30 to 350 amu. The dichloromethane extracts from PGS (1 μL) and urine (4 μL) were manually injected in a split mode (10:1) and a splitless mode, respectively.
SDS-PAGE
Urinary proteins were separated via SDS-PAGE as previously described (Guo et al. 2015) . The urine samples were defrosted, diluted 3 times, and mixed with a 4× reducing sample buffer (Solarbio ® ). The mixtures were stirred, heated for 4 min at 96 °C, and centrifuged at 10 000 rpm for 3 min. Then, 3 μL of the supernatants was fractionated on 15% gels. The voltage started at 90 V and increased to 120 V when all bands reached the separating gel surface. Protein bands were stained with Coomassie brilliant blue R250, and the intensities were quantified using the ImageJ program according to the instructions.
Body and organ weight measurements
Body weighing
We weighed each male mouse involved in the study on day 0 (the day before the experiment), days 21 and 50.
Organ collection and weighing
One day after urine sample collection, all male mice involved in the study were transported to the neighboring laboratory and were rapidly decapitated during the dark cycle. Trunk blood was collected, clotted at room temperature, and centrifuged to obtain serum (4 °C, 15 min at 3000 rpm). The plasma was stored at −20 °C until the hormone test. The bodies were dissected, and the testes, epididymides, seminal vesicles, spleens, and adrenal glands were separated and immediately weighed (to an accuracy of 0.1 mg). Paired PGSs were collected in a clear vial by squeezing the glands. The PGS samples were weighted, individually sealed, and subsequently maintained at −20 °C for further chemical analysis. The right striatum and hippocampus were also individually dissected in a mouse brain matrix, further separated on an ice tray, weighted, snap-frozen in liquid nitrogen, and stored at −80 °C until use. The relative organ weights were calculated as a percentage of the body weight [organ weight (mg)/100 g body weight].
Neurochemical analyses
After thawing thawed at room temperature, 720 µL of 0.1 M HClO 4 , with 80 µL 1 µg/mL 3, 4-dihydroxybenzoic acid (DHBA, internal standard), was subsequently added to the brain tissues prior to sonication (10 s, 2-s pulse intervals, 30% amplitude) in ice water. The samples were centrifuged (4 °C, 18000 rpm, 30 min) and the supernatant was used for high-performance liquid chromatography coupled with electrochemical detection (HPLC-ECD). The samples were loaded on a reverse-phase column [C18, 3.0 mm ID×75 mm, 3 µm particles, CapCell Pak, Shiseido)] and eluted at a flow rate of 0.6 mL/min with an ion-pair solution [90 mM sodium dihydrogen phosphate, 50 mM citric acid, 1.7 mM 1-octanesulfonic acid sodium salt monohydrate, 50 µM ethylene diamine tetra acetic acid (EDTA) and 6% acetonitrile, pH 3.0]. Each pooled sample was analyzed for its content of NE, DA, DOPAC, 5-HT, and 5-HIAA. The substance concentration was expressed as nanograms per milligram of wet tissue weight. The turnover of DA (DOPAC/DA) and 5-HT (5-HIAA/5-HT) were also reported.
Hormone measurements
The testosterone and corticosterone levels in the serum from the 24 males were measured using commercially available ELISA Kits (Nanjing Jiancheng Bioengineering®, China) according to the manufacturer's instructions. The intra-and inter-assay coefficients of variation were 10 and 12%, respectively, for testosterone and 8.5 and 10%, respectively, for corticosterone. The assay ranges were 0.5−100 nmol/L for testosterone and 0.5−100 ng/mL for corticosterone.
Data analysis
We initially examined the distribution of all raw data using the Kolmogorov-Smirnov method. For the normally distributed data, independent samples t tests or paired samples t-tests were used to analyze the data. For the non-normally distributed data, MannWhitney U tests or Wilcoxon matched-pairs signed-rank tests were used to analyze the data. In the 2-choice test, the relative percentage of the investigation time for a paired odor is also compared between the 2 groups (investigation time to an odor/total investigation time to the paired odor, Moncho-Bogani et al. 2005) . All analyses were conducted using SPSS Version 15.0 for Windows, and P < 0.05 was considered significant.
Results
Behaviors in the open-field and light-dark box tests
As indicated in Table 1 , there were no significant differences for all the examined parameters in the open-field and light-dark box tests between the 2 groups.
Responses to different odors
For the rat/rabbit urine pairs, the co-species-housed mice did not exhibit any differences in their reactions to the paired odors ( Figure 2A , the left 2 bars; t = 0.846, P = 0.409, n = 11), whereas the control mice spent significantly less time investigating the rat urine compared with the rabbit urine ( Figure 2A , the right 2 bars; z = 2.934, P = 0.016, n = 11). In a comparison of the relative percentage of the investigation time, the co-housed mice investigated more to the rat urine than controls ( Figure 2D , the left 2 bars, t = 2.172, P = 0.042).
For the cat/rabbit urine pairs, both groups spent significantly less time investigating the cat urine ( Figure 2B , n = 10 per group; the left 2 bars: co-species-housed mice, t = 0.606, P = 0.004; the right 2 bars: control, t = 2.208, P = 0.038). The percentages of cat urine investigation were not different between the 2 groups ( Figure 2D , the middle 2 bars, t = 0.062, P = 0.952).
For the cat/rat urine pairs, the co-species-housed mice spent more time investigating the rat urine than that spent investigating the cat urine ( Figure 2C , the left 2 bars; t = 2.218, P = 0.043, n = 9), whereas the controls responded equally to the paired odors ( Figure 2C , the right 2 bars; z = 0.874, P = 0.382, n = 11). Comparing between the groups, the relative percentage of the investigation of the rat urine was much less in the control group ( Figure 2D , the right 2 bars; t = 2.539, P = 0.021).
During the test, only the cat urine elicited robust "stretch-attend" posture in the paired odors, in contrast to the rat urine and rabbit urine (data not shown).
Encounter test and urine attractiveness
In the 5-min staged dyadic encounters (co-species-housed vs. control), the co-species-housed male mice exhibited increased levels of aggression and decreased levels of defensive behavior compared with the control males (aggressive behavior: the left 2 bars of Figure 3 , 6.364 ± 1.274 vs. 2.182 ± 0.818; z = 2.613, P = 0.026; defensive behavior: the right 2 bars of Figure 3 , 1.063 ± 0.448 vs. 6.437 ± 1.125; z = 3.134, P = 0.014, n = 12 per group).
The 2-choice preference test results indicate that the urine samples from the co-species-housed male mice were more attractive to the female subjects than those from the controls (11.33 ± 2.161 vs. 7.232 ± 1.676 s; z = 2.197, P = 0.028, n = 12 per group).
GC-MS results
The identified urine and PGS volatiles are listed in Table 2 . In the analysis, we determined that the relative abundances of DHB, o-toluidine, E-β-farnesene, E,E-α-farnesene, Z-9-hexadecenol, and 1-hexadecanol were increased, whereas those of 6-hydroxy-6-methyl-3-heptanone and 5,5-dimethyl-2-ethyltetrahydrofuran-2-ol were decreased in the co-species-housed mouse urine and PGS samples. Data are presented as mean ± SE, n = 12 for each group. Independent samples t test or Mann-Whitney U test were used. Relative organ weight = mg organ weight per 100 g body weight.
** Figure 4A comprises a representative image of MUPs separated by SDS-PAGE. As indicated (Roberts et al. 2010) , darcin (MUP 20) is unusually mobile on the type of gel used and may be easily separated from the diffuse band of all other MUPs. The ImageJ results indicate that both darcin and all other MUPs levels were increased in co-species-housed group ( Figure 4B ; n = 12 per group; MUPs: t = 2.512, P = 0.031; Darcin: z = 2.580, P = 0.009).
MUPs concentrations in the urine
Neurotransmitter levels
The HPLC-ECD results indicate that there were no significant differences regarding the contents of NE, DA, DOPAC, 5-HT, or 5-HIAA in the hippocampus and striatum, or the ratios of DA/DOPAC and 5-HT/5HIAA between the 2 groups (Table 3) .
Hormone concentrations
The ELISA results indicate that the serum corticosterone levels were not different between the control and co-species-housed groups ( Figure 5 , the left 2 bars, 15.15 ± 1.07 vs. 17.68 ± 1.65 ng/mL, n = 10 per group, t = 1.284, P = 0.22). However, the testosterone levels were increased in the co-species-housed mice ( Figure 5 , the right 2 bars, 15.51 ± 0.68 vs. 20.05 ± 1.62 nmol/L, n = 10 per group, t = 2.394, P = 0.04).
Body and organ weights
There were no significant differences in the body weights at each time point examined (Table 1) . The co-species-housed mice exhibited splenic hypertrophy, as measured by their relative spleen weights (z = 2.856, P = 0.009). No other differences were identified in the other relative organ weight measurements.
Discussion
Our findings demonstrate that co-housing mice and rats for more than 6 weeks did not result in significant stress in the mice. In contrast, the co-species-housed male mice appeared to have a higher social rank compared with the controls, which manifested as increased aggression levels and their urine being more attractive to females. In association with their elevated social status, the levels of MUPs and several volatile pheromones were elevated in the cospecies-housed mice, along with their serum testosterone levels.
In the open-field and light-dark box tests, the activities of the cospecies-housed mice and control mice were not different. This result appears to contradict the findings of Arndt's study, which suggested that co-species housing is stressful to mice, as indicated by abnormal coping behaviors in a forced swim test (Arndt et al. 2010) . Species or methodological differences may account for the discrepancy. It appears that mice may habituate to being co-housed with rats over a long period. Data are presented as mean ± SE, n = 10 for each group. Independent samples t test or Mann-Whitney U tests were used. DA, dopamine; DOPAC, l-3,4-dihydroxyphenyl-acetic acetic acid; DHBA, 3, 4-dihydroxybenzoic acid (internal standard); 5-HT, serotonin; 5-HIAA, 5-hydroxyindole acetic acid; NE, norepinephrine. Additional evidence for this adaption may be the results of the 2-choice test. In the cat/rat urine pairs, the co-species-housed mice spent more time investigating the rat urine compared with the cat urine; however, the controls spent the same time investigating both odors. Comparing between the groups, the relative percentage of the rat urine investigation was increased in the co-housed group. Similarly, the co-species-housed mice also investigated the rat urine more in the rat/rabbit paired odors compared with the controls ( Figure 2D ). These findings may be interpreted as rat urine being not as aversive for cohoused mice as it is for control mice. All mice avoided the cat urine in our tests (as demonstrated by less investigation time and stretchattend posture), which supports its ecological role as a rodent repellent (Voznessenskaya 2014) . However, it was unexpected that rat urine elicited few "stretch-attend" posture in our experiment, which is inconsistent with Papes's study (2010) . The reasons are not clear and require further investigation. It must note that the sequence of the 2-choice test was consistent in our experiment, which may bias the results. However, during the tests, the subjects were randomly selected and counterbalanced within the 2 groups. Thus, the potential sequence effect, if any, may have similar effect on the 2 groups.
In the dyadic encounter test, the rat-room-exposed mice tended to exhibit increased aggressive levels and decreased defensive levels compared with the controls. Thus, co-housing may have enhanced the competitiveness of the subjects. The other evidence that co-species housed mice appear to acquire a higher social rank is that their urine became more attractive to female mice compared with that of the controls. This conclusion is in accordance with our previous study on the same mouse strain, which indicated that chronically cat-odor-exposed mice become more aggressive and more attractive to female mice (Zhang et al. 2007a) . One plausible reason for why females are attracted to the urine of males accustomed to the predator odor may be based on the fact that a stronger male is better able to survive in an environment with high predation pressure. The results are consistent with the well-established handicap hypothesis on sexual selection via female choice developed by Zahavi et al. (1975) .
MUPs were increased in the co-species-housed mice. MUPs are highly polymorphic proteins that play important roles in inter-sexual attraction and male-male aggression in a concentration-dependent fashion in rodents (Chamero et al. 2007; Janotova and Stopka 2011; Kaur et al. 2014; Martín-Sánchez et al. 2015) . Darcin (MUP20, 18893Da), an MUP specific to male mice, has been demonstrated to promote innate sexual attraction in females and is associated with social rank (Cheetham et al. 2009; Guo et al. 2015; Roberts et al. 2010) . In this study, both darcin and all other MUPs were increased in co-species-housed mouse urine, which may have contributed to their elevated social status. Our results are consistent with previous studies indicating that MUP expression is upregulated when males perceive a challenger (Garratt et al. 2012; Nelson et al. 2015) . We did not use other methods to confirm the MUP levels (e.g., the Bradford method), and the band densities were not corrected for the creatinine level (an index of hydration); however, densitometry values on their own have been validated as an accurate method to measure MUP levels in previous studies (Guo et al. 2015; Nelson et al. 2015) .
Volatile compounds also play important roles in the social behavior of rodents. The GC-MS results indicate that 6 volatile compounds (DHB, E-β-farnesene, E,E-α-farnesene, o-toluidine, Z-9-hexadecenol, and 1-hexadecanol) were increased in the urine and PGS samples of the co-species-housed mice. DHB, the farnesene compounds, and 1-hexadecanol have been regarded as potential sexual pheromones that are attractive to female mice (Liberles 2014) . These findings are in accordance with those of our previous studies showing that 11 chemicals are increased in the urine of chronically cat-odor-exposed mice (Zhang et al. 2007a ). However, the decreases in 6-hydroxy-6-methyl-3-heptanone and 5,5-dimethyl-2-ethyltetrahydrofuran-2-ol in the urine of the co-species-housed mice are puzzling. In fact, not all confirmed attractive volatile pheromones [e.g., SBT, (Z)-5-tetradecen-1-ol, and hexadecyl acetate] were elevated in the urine of the co-species-housed mice. However, as we have previously discussed, we do not think one particular volatile compound plays an essential role in a specific behavior. These volatile compounds may be blended and function in a Gestalt manner in Figure 5 . Comparison of serum testosterone and corticosterone levels between co-species-housed mice and control mice. N = 10 in each group; *P < 0.05 (independent samples t tests).
chemical communication, along with other forms of pheromones in rodents (Liu et al. 2016) .
Many types of volatile and non-volatile pheromones are produced in an androgen-dependent manner (Roberts et al. 2010; Garratt et al. 2011; Yoshikawa et al. 2013) . Testosterone may, in turn, influence different aspects of sexual behavior in male mice, such as courtship behavior, aggression, vocalization, and scent marking (MucignatCaretta et al. 2014) . Here, the testosterone levels were increased in the co-species-housed mice, suggesting a greater reactivity of the hypothalamic-pituitary-gonadal (HPG) axis. The glucocorticoid system is also directly and indirectly associated with the stress status, the establishment of social hierarchy, and pheromone production in rodents (Fitchett et al. 2005) . In this study, the corticosterone levels were not different between the 2 groups. This finding, in an indirect manner, demonstrates that the co-species-housed mice may have been habituated to the rat odors over the long exposure period.
The levels of NE, DA, 5-HT, and their metabolites in the right hippocampus and striatum were not different between the 2 groups. This finding may also demonstrate the accommodation of the cospecies-housed mice. Previous research has demonstrated the hemispheric asymmetries of several neurotransmitters in rodent brains (Sullivan et al. 2009 ). Unfortunately, we only measured these substances in the right hemisphere. Thus, the results may be more applicable if both hemispheres, as well as other brain structures, e.g. the frontal cortex, hypothalamus, and amygdala, were involved.
Additional evidence for the physiological adaptations could be reflected by the findings that both body weight and nearly all measured relative organ weights (adrenal, testes, epididymis, and seminal vesicles) were not different between the 2 groups. The only difference was that the co-species-housed mice appeared to have larger spleens, which is indicative of altered immune function (Azzinnari et al. 2014) . The reasons for this finding are not clear. However, studies have indicated that social status, immune response, and parasitism are correlated with each other (Cavigelli and Chaudhry 2012; Habig and Archie 2015) .
The major limitation of this study was that the control mice were not completely naive to rat odors. Although precautions were taken to minimize the odor interplay during the animal-care process, the control mice had been directly exposed to the co-species housed ones (not a neutral third-party) during the dyadic test, which may inevitably carry rat odor on their fur over a quite long period of co-housing. This affiliated rat odor derived from the co-housed mice may elicit more defensive behaviors from the control animals in the encounter test. Furthermore, it not clear whether such a short-time "exposure" would affect the results of the followed experiments, for example, female preference, urine composition, hormone levels, or others.
In spite of this, we provide detailed data regarding the physiological responses of male mice in co-species housing conditions, which are common in laboratories and animal centers. In particular, we have demonstrated that long-term rat-odor stimuli appear to have beneficial effects on mice, which indicates that appropriate predatorodor stimuli may be important to the fitness of prey animals. In the future, it will be very interesting to investigate whether sex differences exist in these responses and to examine the underlying mechanisms at a deeper level.
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